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The generation of ultrashort x-ray pulses is of considerable interest for a variety of scientific applications. One important application is the study of atomic motion in condensed matter that occurs on the fundamental time scale of a vibrational period (h/kT -100 fs). In the past 25 years visible femtosecond laser pulses have been widely used to study the ultrafast electronic processes in materials.' However, the study of structural dynamics in condensed matter with use of visible femtosecond pulses is limited, as atomic positions must be inferred from the optical response. Ultrashort x-ray pulses are ideally suited for the study of structural dynamics of materials since x-rays interact with core electrons. Spectroscopies such as x-ray diffraction and EXAFS, when combined with femtosecond x-ray pulses, can therefore provide direct determination of atomic positions with ultrafast time resolution.
Our approach for generating ultrashort x-ray pulses is to use Thomson scattering of femtosecond IR pulses off of relativistic electron bunches? Figure 1 shows a schematic of the scattering geomew. Relativistic electrons (E = 50 MeV, ibUndr = 15 ps) from a linear accelerator are ti htl focused to a spot size of e100 pm. Terawatt pulses (60 mJ, 50 fs) at 800 nm from a Ti:sapphire chirpedpulse amplifier' are similarly focused and interact with the electrons at an angle of H Y 800 nm 1u.r pulu JTuFl Fig. 1 Thomson scattering geometry.
JTuFl Fig. 2 Image of the spatial profile of the femtosecond x-ray pulse striking a phosphor screen. The fluorescence is detected on a CCD camera, with individual pixels binned to form larger pixels to increase the signalto-noise ratio.
90".
Thomson scattering gives rise to x-ray photons at a wavelength = A1.,,/2y' where y = E/€,. The scattered x rays are highly directed along the path of the electron beam (x-ray divergence -l/y). With this geometry, the x-ray pulse duration is determined by the transit time of the focused laser pulses across the focused electron beam waist. We have observed femtosecond x-ray pulses at 0.5 A generated by 90" Thomson scattering. Based on pinhole measurements of the electron beam waist, we estimate the pulse duration to be -300 fs. Figure 2 shows a CCD camera image of the x-ray beam striking a screen that is sensitive to 0 . 5 -% h z : : g
Based on the quantum efficiency of the phosphor and the collection efficiency of our imaging system, we estimate the xray flux to be -5 X IO4 photons per pulse.
The measured x-ray spot size (-1 cm at a distance of 1 m from the source) is in good agreement with the predicted 10-mrad beam divergence. We theoretically expect3 that the x rays contained in this divergence have a relative bandwidth (AA/X) of -0.2. Generating femtosecond x-ray pulses via Thomson scattering of ultrashort laser pulses with relativistic electrons has a number of attractive advantages over other approaches. The duration of the generated x rays is determined by the focal spot of the electron beam and the optical pulse duration. Thus generation of x-ray pulses of e100 fs duration is relatively straightforward. Furthermore, the x rays are highly directed and of relatively narrow bandwidth. Finally, the Thomson scattering source of ultrashort x-ray pulses is also tunable, either by changing the angle of incidence between the electrons and photons, or by changing the laser photon energy, or by changing the electron beam energy. This source of ultrashort x-ray pulses promises to be a very useful tool in the study of the ultrafast atomic motion in solids and molecules. In a simple version of the experiment, a probe pulse copropagates behind an intense pump pulse (I = 3 X 10"W/cm2, A = 0.8 pm, T = 100 fs) tightly focused (r* = 4.2) in helium gas. As the pump pulse ionizes the gas and exerts ponderomotive pressure on the resulting plasma, the probe pulses experiences electron density gradients behind the pump pulse, which cause both DC phase shifts as well as blue/red shifting of the probe pulse frequency spectrum. To detect the small changes in frequency (lo-' -lo-') and phase, our photon accelerator diagnostic uses multiple, temporally separated probe pulses that produce frequency domain interferograms?
Two types of experiments were conducted to temporally resolve the wakefield oscillations. In the first experiment (in 4.8 torr He) probe pulses propagated in front of and behind the pump pulse and the delay of the pump pulse was varied relative to the two probe pulses. pump pulse (I = 3 X 1017W/cm2) was positioned 550 fs in front of the second probe pulse and scanned away rom the second probe pulse in 13.3-fs delay steps. The two probe pulses are separated by 2.2 ps. Under these parameters, we detect the wakefield oscillations 3-5 cycles behind the pump pulse. The solid curve shows the calculated phase shift resulting from the wakefield oscillations. To indicate the level of phase noise (a -lop3 rad), the top line of data shows a delay scan in an evacuated gas chamber.
Experimentally measured wakefield oscillation in 4.8 Torr helium. The
JTuF2 Fig. 2 Phase shift between probe pulse 1 and 2 as a function of the He gas pressure. To obtain the oscillatory structure resulting from the wakefield oscillations, the DC phase shift has been removed from the pressure scan. The curves indicate theoretical calculations of the phase shift with (solid) and without (dotted) radial averaging of the detected phase shift.
fact that the radial component of the ponderomotive force is of order ten times larger than the axial component. The peak longitudinal electric field is estimated as -10 GV/m. A second set of experiments was conducted by fixing the pump and probe pulse delays while varying the helium gas pressure. Such a pressure scan allows the wakefield to be scanned across the second probe pulse. After subtracting the ambient DC phase, Fig. 2 shows the measured phase shift between probe pulse l and 2 as the pressure varied from 2-12 Torr He. At the highest pressure, we detect wakefield oscillations five cycles behind the pump.
To help explain the details of the experimental results, numerical simulations were performed with a two-dimensional, multi-grid, fully relativistic, cold fluid model. The simulation results (Fig. 3) show the excitation of nonlinear plasma waves with a peak Sn,/n. -6. The wakefield oscillations are steepened because the laser is strongly focused and the plasma wavelength (A, = 60 Fm) is approximately equal to the Rayleigh length (2, = 53 pm) of the pump beam. 'The Institute #Applied Physics, Nizhny Novgorod, Russia 1.
2.
3. The field at the focus of a short-pulse, high-power laser is so high that electrons oscillate at nearly the speed of light, giving rise to several interesting, and previously unstudied, effects. For instance, it produces extremely high laser pressure (called the ponderomotive force), which can drive a high-amplitude plasma "wake-field plasma wave," the basis for what is called the laser wake-field accelerator (LWFA). Essentially, the laser pulse pushes the electrons out of its way, but the ions-because of their much heavier mass-pull them back, setting up a plasma wave oscillation. In this way, the plasma wave effectively rectifies the laser electromagnetic field so that becomes an electrostatic field propagating in the direction of the light pulse at nearly the speed of light. This can continuously accelerate electrons to GeV energies in a centimeter distance. Laser accelerators may produce a new generation of compact ultrashort duration high-energy photon sources. We have recently demonstrated that a laser wake field can produce a collimated beam of MeV electrons and that the laser may have been guided by relativistic selffocusing and electron cavitation. The experiment is remarkably simple. A highpower laser is focused into a molecular beam produced by a gas jet. The laser used in the experiment has a pulse duration of T = 400 fs, and an energy up to I Opm 10 J, corresponding to a peak power of 25 TW. When focused in vacuum with an f/5 off-axis parabolic mirror, the laser can reach an intensity of up to ioi9 W/cmz, shown in Fig. la . To create the plasma, the gas from a pulsed valve is tunnel-ionized by the laser pulse itself, reaching a peak electron density on axis of 10'' cm-'.
The electron source size is estimated to be 10 pm and the electron pulse duration, a few picoseconds. Fig. l b is a photograph of the electron beam (all electrons with energies above an MeV) at a distance of 8 cm from the jet. Greater than 10' electrons were observed to be accelerated.
There is also some evidence that relativistic self-focusing may have produced a laser intensity on axis of greater than I@' W/cm*, the highest laser intensity ever achieved. This arises from the mass change of the plasma electrons as they quiver in .the laser field, which in tum changes the plasma frequency. Since the intensity is radially dependent, so then is the plasma refractive index, which acts as a positive lens. In the experiment, the onset of electron acceleration coincided with the predicted power threshold for self-focusing. Self-focusing also creates a self-guided channel, significantly increasing the distance over which the light would normally propagate (and thus over which the plasma wave can grow and the electrons can be accelerated). If the pulse is long enough, the electrons will eventually be expelled from the channel by the radial light pressure, which would also produce a radially dependent index of refraction, and thus can act to further guide the laser pulse, in a process called electron cavitation. Just such a density depression was observed on axis in the experiment. Soft x-ray lasers utilize as gain medium high density plasmas of small lateral dimensions,' in which refraction of the amplified x-ray radiation can result from electron density gradients.London' has studied the beam optics of exploding foil x-ray lasers, which are well described by a model with a one-dimensional density gradient, assuming parabolic density profiles. Recently, large soft x-ray amplification was demonstrated for the first time in a plasma column created by a discharge.' A fast capillary discharge was utilized to generate amplification in the J = 0 -1 line of neon-like argon aat 46.9 nm by collisional electron excitation, by creating a hot plasma column of small diameter and cylindrical symmetry. The analysis of the soft x-ray beam propagation and amplification in such plasma column requires to take into account a two dimensional variation of the plasma parameters, which can be non parabolic. Our analysis shows that for suffi-
